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ABSTRACT 

The iNilsson et al.l (|2006f ) Lya nebula has often been cited as the most plausible example of a Lya 
nebula powered by gravitational cooling. In this papen we bring together new data from the Hubble 
Space Telescope and the Herschel Space Observatorjo as well as comparisons to recent theoretical 
simulations in order to revisit the questions of the local environment and most likely power source 
for the Lya nebula. In contrast to previous results, we find that this Lya nebula is associated with 
6 nearby galaxies and an obscured AGN that is offset by ^4 "r::! 30 kpc from the Lya peak. The local 
region is overdense relative to the field, by a factor of ~I0, and at low surface brightness levels the 
Lya emission appears to encircle the position of the obscured AGN, highly suggestive of a physical 
association. At the same time, we confirm that there is no compact continuum source located within 
^2-3"«15-23 kpc of the Lya peak. Since the latest cold accretion simulations predict that the brightest 
Lya emission will be coincident with a central growing galaxy, we conclude that this is actually a strong 
argument against, rather than for, the idea that the nebula is gravitationally-powered. While we may 
be seeing gas within cosmic filaments, this gas is primarily being lit up, not by gravitational energy, 
but due to illumination from a nearby buried AGN. 

Subject headings: galaxies: evolution — galaxies: formation — galaxies: high-redshift 


1. INTRODUCTION 

There has been a long-standing debate about the power 
source responsible for radio-quiet Lya nebulae (or “Lya 
blobs”). Unlike extended Lya halos observed around 
many radio galaxies and quasars, radio-quiet Lya nebu¬ 
lae do not always have an obvious single source of ionizing 
photons in their midst. Various explanations have been 
propos ed: for example, shock-heating in galactic super- 
winds (iT amguch i fc Shiov^ 120001 : iTaniguchi et al.ll2001l : 
iMori et al.l 20041 ) . photoionization from nearby galax¬ 
ies a nd AGN (e.g.. iGantaluno et al.l 120051: iGeach et al.l 
2009t iKollmeier et al.l I20I01 iPrescott et al.l 1201211 


Overzier et al. II2013I1. and resonant s cattering of cen¬ 


trally produced Lya photons (e -g .. iMoller fc Warren 
1998; _Laursen_fc SonuncnTRajsen|__[2^007: iZheng et al 


2011 : iSteidel et al.l 120111 iHaves et al.l 1200 . One final 
explanation is that Lya nebulae are powered by gravi¬ 
tational cooling radiation within cold accretion streams. 
This possibility has received substantial theoretical at¬ 
tention over the past few years, motivated in large part 
by evidence from numerical simulations that a cold mode 
of accretion could play an importan t if not dominant 
role in fueling ga laxy formation (e.g., iKeres et'H] 120051 : 
IDekel et al.l[20n^ . 

Against this backdrop, INilsson et al.l (I2006D reported 
the discovery of a Lya nebula at z ~ 3.157 in the 
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GOODS-S field. Intriguingly, the deep GOODS imaging 
showed no associated continuum detections in any 
band, from the X-rays to the infrared. The photometric 
redshifts available at the time indicated that none of 
the nearby galaxies were likely to be at the redshift 
of the nebula nor would they be able to provide suf¬ 
ficient energy to power the nebula even if they were. 
Based on the lack of any obvious source of ionizing 
photons and on the similarity between the observed 
Lya surface brightness profile and early predictions 
from cold accretion models, the authors suggested that 
this system could be powered by cooling radiation. 
Since then, discussions of the range of power sources 
observed for Lya nebulae typically include a reference 
to this system as the cleares t observational example of a 
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However, a number of things have changed substan¬ 
tially since the initial discovery of this Lya nebula. On 
the observational side, grism spectroscopy, deeper X-ray 
catalogs, and additional imaging - spanning the rest- 
frame optical to far-infrared - have become available in 
the GOO DS-S field thanks to the Early Release Science 
program ([Windhorst et al.l 1201111 . the 2 Ms and 4 Ms 
Chandra Deep Field-S outh (CDF-S) Survey s (iLuo et al ' 


2008; iXue et aP l2011fl. GOODS-Herschel (lElbaz_e£^ 
2011), and HerMES fLevenson et al.l 120101 : 1 Oliver et al 


2012 ). allowing for significant improvements to both 
photometric and spectroscopic redshift measurements 
in the region. In addition, some observational stud¬ 
ies of other Lya nebulae have shown that the Lya 
emission can actually be offset substantially (^lOs of 
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kpc) from associat ed galaxies and obscured A GN at 
the same redshif t (iPrescott et alJ I2009L l2012al lbl. 120131 : 

I Yang et al.ll2014li . On the theoretical side, simulations 
of “cooling” Lyo; nebulae have been carried out with 
great er and greater s ophis t ication over the past few years 
le.g.. iGoerdt, et ^ 120101 : iFaucher-Giguere et al.l 120101 
iRosdahl fc Blaizotl 2012tl . In light of the new observa¬ 
tional data and more advanced numerical simulations, 
the time is ripe to return to this system and take an¬ 
other look at its local environment and most likely power 
source. 

In this paper, we revisit the following questions: (1) 
does the Lya nebula have any associated galaxies, and 
(2) is it likely powered by cold accretion? We describe 
the datasets used in this work in Section and we study 
the neighborhood of the Lya nebula in Section [3] In 
Section |4] we discuss the most likely powering mecha¬ 
nism responsible for the Lya nebula, taking into account 
updated predictions from numerical simulations. Sec¬ 
tion [5] highlights some implications of this work for the 
larger class of Lya nebulae, and we conclude in Section[6l 
We assume the standard ACDM cosmology (r2M=0.3, 
nA=0.7, /i=0.7); the angular scale at z = 3. 156 is 7.5 8 
kpc/". All magnitudes are in the AB system (|Okelll97'^ . 

2. DATA 

This paper builds on the large number of existing 
datasets and catalogs with coverage of the GOODS-S 
field. 

2.1. Lya Narrowband Imaging and Spectroscopy 

The original Lya imaging was obtained as part of a 
survey for Lya-emitting galaxies using FORSl on the 
VLT 8.2 m telescope Antu and a standard narrowband 
filter (Ac=5055A; FWHM=59A., corresponding to Lya 
at z = 3.126 — 3.174). The nebula emission was con¬ 
firmed to be Lya at z = 3.157 via follow-up spectroscopy 
from VLT/FORSl, which showed a single emission line 
with the classic asymmetric profile expected for high red- 
shift Lya emission and no detections of the other strong 
lines that would have been expected from a low red- 
shift interloper. Details on the Lya imaging and follow- 
up spectroscopy are given in the original survey papers 
(INilsson et al.l[20n^. [2^ . 

2.2. HST Imaging and Grism Spectroscopy 

The Lya nebula is located within the GOODS-S/ERS 
field. The area was originally observed as part of 
the GOODS South progra m in the ACS BVRiz fil¬ 
ters l)Giavalisco et al.l 12004 iDickinson et al.ll2004ll . The 
same region was more recently targeted as part of the 
WFC3/ERS observations in Cycle 17 following the in¬ 
stallation of WFC3 during Servi cing Mission 4 (GO/DP : 
11359, 11360; PI: R. O’Connell iWindhorst et aLll2011h . 
Images were acquired in the F098M, F1251F and 
F1&)W filters, using two orbits in each filter. Addi¬ 
tional shallower imaging in the FIAGW filter was done 
to provide a direct-image reference for a single point¬ 
ing of ERS G141 grism observations (discussed below). 
The FIAGW observations partially overlap with the foot¬ 
print of the 3D-HST program (GO: 12177; PI: van 
Dokkum) which also provides FIAQW images over a 
larger area. The GOODS-S/ERS field has been observed 


by an array of additional ground- and space-based facil¬ 
ities. In this work, we make use of WFC3-IR F12SW, 
FIAQW, and F1601F imaging and the WFC3-detected 
photometric catalog of the GOODS-S field compiled by 
ISkelton et all (IMl . The WFC3 imaging represents a 
significant improvement over the ground-based J and H- 
band data available previously, as it provides high reso¬ 
lution imaging coverage near the critical 4000A break, 
and enablin g much more robust photometric redshift es¬ 
timates; see lSkelton et al.l (|2014fl for further information. 
We make use of the photometric redshift catalog from 
ISkelton et al.l (1201411. which is based on the code EAzY 
(|Brammer et al.ll2008fl , and morphological measurements 
for galaxies in the r egion taken from the CA NDELS mor¬ 
phological catalog (|van der Wei et aLll2012H . 

The Lya nebula is serendipitously located in the one 
and only grism pointing observ ed as part of the ERS 
program (IWindhorst et al.ll201lL GO/DD: 11359, 11360; 
PI: R. O’Connell) The observations were done in both the 
G102 and G141 grisms, spanning 0.8 — 1.2 pLm and 1.1 — 
1.7 /rm, respectively. The two grism provide resolutions 
of i? ~ 210 and 130. The pointing was observed for two 
orbits with each grism. In this work we use only the G141 
grism observations, which covers the [Oil]A3727 emission 
line out to z ss 3.2, as none of the objects relevant to 
this work have signihcant detections in the G102 spectra. 
The grism data were reduced by the 3D-HST team in 
a manner similar to that described in Brammer et al. 
(2012). Further details on the extraction and redshift- 
fitting methods will be presented in Momcheva et al. (in 
prep.). 

2.3. Mid- and Far-Infrared Data 

The original paper presented Spitzer I RAQ and MIPS 
imaging of the field (|Nilsson et al.l[200^ their Figure 2). 
At longer wavelengths, Herschel PACS and SPIRE cov¬ 
erage of t he field now exists from GOODS-Her schel and 
HerMES (lElbaz et al.ll201ll : lOliver et al.l 1201211 . In ad¬ 
dition, improvements have been made in extracting ac¬ 
curate IRAC/MIPS photometry properly accounting for 
source blending and the complex PSF of these instru¬ 
ments, and there has been extensive work on the best 
way to use IRAC/MI PS colors to distinguish AGN from 
star-forming galaxies (IStern et al.l[2005l : ILacv et ^12004 
[20071 IDonlev et al.ll2008l 1201211 . 

In this work, the mid- and far-infrared photometry are 
taken from the GOODS-Herschel catalog, which includes 
measurements from the GOODS-Spitzer Legacy Survey 
(Spitzer/IRAC-|-MIPS; P.I. Mark Dickinso n) and the 
GOODS-Herschel Survey (Herschel/PACS; lElbaz et'H] 
unni), accessed via HeDaM0 Source positions in the 
GOODS-Herschel catalog were determined first using a 
weighted average of the 3.6 and 4.5 micron images, and 
then empirical PSFs at these source locations were fit 
to the mid- and far-infrared maps in order to determine 
the flux for each object and account for source blending. 
Further details are given in the GOODS-Herschel release 
documentation^ 

The field has been observed in th e far-infrared with 
Herschel/SPIRE as part of HerMES (lOliver et al.l{2012l : 
iLevenson et al.l 120101 : iRoseboom et al.l 120101 1201^ In 

^ http://hedam.lam.fr 

® http://hedam.lam.fr/GOODS-Herschel/goodss-data.php 



































































Overturning the Case for Gravitational Powering in a Lya Nebula 


3 


this work, we make use of Herschel/SPIRE photometric 
measurements from the MIPS 24^m-matched catalog de¬ 
veloped by the HerMES Team (HerMES Team, private 
communication). 

2.4. Chandra X-ray Coverage 

Since the original paper, the Chandra X-ray coverage 
of GOODS-S has improved substantially from the orig¬ 
inal Chandra Deep Eield-South 1 Ms survey, first by a 
factor of two and then by a factor of four in total ex¬ 
posure time. The resulting C handra Deep Eield-South 2 
Ms a nd 4 Ms survey catalogs (|Luo et al.ll2008t IXue et aP 
1201111 provide a sample 740 X-ray detected sources down 
to limiting on-axis fluxes of w3.2xl0“^^, 9.1x10“^®, and 
5.5x10“^^ erg s“^ cm“^ for the 0.5-8 keV full band, the 
0.5-2 keV soft band, and the 2-8 keV hard band, respec¬ 
tively. 

3. REVISITING THE NEIGHBORHOOD 

iNilsson et al.l (j200t)ll listed 8 objects within a 10" ra¬ 
dius that had detections in at least 8 photometric bands, 
and an additional 8 nearby sources that were detected in 
only a subset of those bands, too few for reliable photo¬ 
metric redshifts to be estimated. Of the 8 sources with 
derived photometric redshifts, they presented projected 
distances and photometric redshifts in their Table 2. 
None appeared to be precisely at the Lya nebula red- 
shift, although four of these sources were consistent with 
it to within the relatively large quoted errors (Sources 3, 
5,6, and 8). Two of these sources were not discussed fur¬ 
ther (Sources 5 and 8). The authors argued that Source 
3 was unlikely to power the nebula, even if it were at 
the correct redshift, because it did not appear to emit 
enough ionizing photons. Finally, in the case of Source 
6, a mid-infrared source that was detected in the IRAC 
and MIPS bands, they concluded the object was most 
likely an unassociated starburst galaxy at high redshift 
{z ss 5.5) based on comparisons to Spitzer IRAC/MIP S 
color-color diagnostic diagrams from llvison et ahl (j2004f l. 

Using the new and improved datasets described in the 
previous section, we revisit the following question: is this 
Lya nebula truly a line-emitting nebula without any as¬ 
sociated galaxies? 

3.1. Searching for Associated Galaxies 
3.1.1. Photometric Redshifts 

Figure [1] shows a stack of the WFC3-IR/E125IU, 
EldOIU, and F160IU imaging in the vicinity of the Lya 
nebula, shown as contoursni while Figure [2] shows the 
individual bands. Using the 3D-HST/C ANDELS pho¬ 
tometric redshift catalog (iSkelton et al.ll20l1l . we select 
sources that lie within a 10" radius of the Lya nebula. 
Figure [3] shows the distribution of photometric redshifts 
in this region, both as a histogram and as a sum of 
the individual galaxy P(z) distributions. The photomet¬ 
ric redshift distribution shows two main peaks: one at 
z K. 1 and one around z k, 3.1, i.e., roughly the red¬ 
shift of the nebula. Formally, 6 sources within this lo¬ 
cal region {R < 10") have photometric redshifts within 

^ We note that the surfac e brightness levels for the contours plot¬ 
ted in INilsson et a 0 12001) appear to have been stated incorrectly 
in the caption of their Figure 1. 


Az±0.15 of the nebula redshift; the positions and photo¬ 
metric redshifts of these “photometric redshift members” 
are given in Table [T] We plot the selected photometric 
redshift members on the HST imaging (Figure O right- 
hand panel). Of these 6 sources, photometric redshift 
estimates for two (Source 3 and 8) were given in the 
original paper; the new photometric redshifts for these 
sources are consistent with the previous estimates, given 
the quoted error bars. The photometric redshifts of the 
remaining sources were previously unknown. 

We note that while photometric redshifts will clearly 
be less accurate and more susceptible to biases, espe¬ 
cially at fainter magnitudes, relative to true spectro¬ 
scopic redshifts, a recent study of a suite of photo¬ 
metric red shift codes found that individual codes based 
on EAzY (jBrammer et al.1 1200811 do reasonably well in 
terms of their reported errors (i.e., corresponding to the 
width of the reported P(z) peak ), underestimating by 
about 5-15% (iDahlen et al.ll201^ . The scatter (cto = 
rms[Az/(l-|-z)]) between the spectroscopic redshift and 
the median photometric redshift was found to increase 
from cTo = 0.04 at mn < 24 mag to 0.09 at mn ~ 26 
mag, while the outlier fraction increased from about 10% 
to 20%. Thus by using a redshift window of Az ±0.15, 
we can be reasonably confident that we are primarily se¬ 
lecting galaxies at the redshift of the nebula even at these 
fainter magnitudes. 

To test the significance of the observed photometric 
redshift peak coincident with the nebula, we redid the 
analysis for 10000 random apertures drawn from the en¬ 
tire GOODS-S field. We find that at z 3, it is not 
common to find a peak in the photometric redshift dis¬ 
tribution that is as strong as what is seen at the position 
of the Lya nebula: formally there is a 2.0% chance of 
randomly selecting a region with comparable area under 
the summed P(z) distribution, or a 0.4% chance of ran¬ 
domly selecting a region with at least 6 galaxies with best 
fit photometric redshifts within Az ± 0.15 of the nebula 
redshift. 

Interestingly, the very faint source visible in the 
F1601U image that is located closest to the peak of the 
Lya emission turns out to be one of the z Ri 1 sources 
(labeled as Galaxy ‘F’ in Figure [T|). The measured SED 
and P(z) derived by EAzY for this source show that it is 
well-described by the EAzY fit at z = 0.91 with a stel¬ 
lar mass of ~ 1.2 x 10® Mq, and that it is inconsistent 
with either an AGN or starburst template at the nebula 
redshift (Figures [4][5]). Thus, we confirm that there does 
not appear to be any associated continuum source within 
^2-3"~15-23 kpc of the peak of the Lya emission. 

We note that gravitational leasing from the foreground 
sources at z ~ 1 should only have a minimal effect on 
the nebula. If we take all galaxies in the local vicinity 
that have photometric redshifts within ±0.15 of z = 1, 
the total stellar mass derived from the SED fitting is 
~ 3 X 10^° Mq, with the brighter (and presumably more 
massive) z ss 1 sources being located about 5" to the 
northwest of the nebula (Figure [21 middle panel). If the 
corresponding total mass of the foreground structure is 
of order 3 x 10^^ Mq, the expected Einstein radius would 
be RiO.2", insignificant compared to the full extent of the 
Lya emission, and the magnification at the position of 
the Lya peak would only be about 3%. If we consider 
only the source located closest to the center (Galaxy ‘F’, 
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with a stellar mass of 1.2 x 10® Mq), the expended Ein¬ 
stein radius would be ss0.05". Thus, neither the large 
scale morphology nor the surface brightness of the neb¬ 
ula is significantly affected by gravitational lensing from 
the z « 1 sources. 

3 . 1 . 2 . Grism Redshifts 

We next searched the grism redshift catalog for sources 
with grism redshifts consistent with the nebula. We 
find that one of the 6 photometric redshift neighbors 
(Source 3) shows a weak [Oil] detection (Figure [S]). This 
corresponds to a measured grism redshift of Zgrism = 
3.153;° (Table consistent with the photomet¬ 
ric redshift {zphot = 3.206;Q;g5g) and with the nebula 
redshift measured from the Lya emission line {zLya = 
3.157). Neither the extended nebula itself nor any of 
the other galaxy members, which are all much fainter in 
Elbow continuum magnitude than Source 3, show a line 
detection in either the G102 or G141 grism spectroscopy. 

3 . 1 . 3 . Source 6 - The IRAC/MIPS Source 

We take a second look at Source 6, the mid-infrared 
source first identified in the Spitzer IRAC and MIPS 
data. We plot the full SED including the original 
GOODS-S imaging and Spitzer data, as well as the new 
HST/WFC3-1R imaging and measurements from Her- 
schel/PACS and SPIRE (Figured]). The source shows 
diffuse emission in the WFC3-1R imaging, but it is be¬ 
low the detection l imit in the combined WFC3 detec¬ 
tion image used in iSkelton et al.l (|2014ll : therefore, we 
measure the photometry in these bands using a 2.4" ra¬ 
dius aperture at the position of Source 6, as determined 
from the IRAC 3.6 and 4.5/rm imaging. The IRAC/MlPS 
photometry and Herschel PACS upp er limits are take n 
from the GOODS-Herschel catalog (jElbaz et al.ll201ll) . 
and the Herschel SPIRE measurements are from Her- 
MES (HerMES Team, private communication). We note 
that Source 6 is not detected in either the WFC3/G102 
or G141 grism data. 

Using these updated measurement s, we derive t he fol - 
lowing MIR colors (relevant for the llvison et al.l (|2004[) 
color-color selection): S'24o/5'8o = 9.959 ± 2.7 9 2 and 
5'8 .o/S' 4.5 = 2.160 ± 0.380. While INilsson et all (l200^ 
suggest Source 6 is an obscured starburst at an approxi¬ 
mate redshift of z ss 5.5 based on its MIR colors, the MIR 
color measurements taken from the GOO DS-Herschel 
catalo g place Source 6 elsewhere in the llvison et al.l 
(|2004f) color space, much higher in S'24.o/>5'8.o and there¬ 
fore much closer to the Mrk231 (i.e., AGN) locus. It 
is possible that the original measurements did not ad¬ 
equately account for source blending and the complex 
MIPS PSF, yielding an incorrect 24/im flux for this rela¬ 
tively faint MIR source that happens to lie near the Airy 
ring from a brighter neighboring galaxy. 

Furthermore, AGN selection based on MIR colors 
has been explored in great detail since the time of 
the original paper ( Stern et al. 120051: iLacv et HI 12004 
l2007t iDonlev et al.l I2OO8L 12012 1. The measured MIR 
colors relevant for these color-color diagnostics are: 
logiSs.o/Si. 5 ) = 0.335;°:°™ and logiS^.s/Ss.s) = 

0.242;°;42. These measurements place Sour ce 6 solidly 
within the AGN color selection window of ILacv et ah! 


(|2004 l2007f) . and within the more recent IRAC power- 
law AGN selection box of iDonlev et al.l (|2012f) . From 
the mid-infrared colors, Source 6 is therefore very likely 
an obscured AGN and not a starburst galaxy. The Her¬ 
schel detections are susceptible to source confusion but 
suggest that there may be an additional cool dust com¬ 
ponent, e.g., emission from the host galaxy. 

It is true that Source 6 was not detected in the deep 1 
Ms CDF-S X-ray imaging, as pointed out in the original 
paper. We hnd that the source is still not dete cted in the 
more recent 2 Ms and 4 Ms CDF-S catalogs (|Luo et al.l 
120081 : iXue et aP 120111) . However, a study of power-law 
IRAC selected AGN candidates in the 2 Ms Chandra 
Deep Field-North (CDF-N) X-ray imaging showed 23% 
35%) were not dete cted above 3o- (5cr) in any X-ray band 
Donley et al.l 12?)?)^ . while stacking of the X-ray non- 
detected sources still showed evidence for hard emission 
con sistent with AGN r ather than star formation power¬ 
ing (|Donlev et al.ll20lll . Thus, it appears that the lack of 
an X-ray detection from Source 6, even in deep Chandra 
data, cannot necessarily be used to rule out the presence 
of an intrinsically luminous AGN that is simply heavily 
obscured at X-ray wavelengths. 

Based on the photometry derived from the original 
GOODS-S HST and Spitzer/IRAC data and the new 
ERS i maging, we use the photometric redshift code 
EAzY (iBrammer et al.l[2008D to estimate a photometric 
redshift for Source 6. Including the IRAC photometric 
points and the standard EAzY star-forming galaxy tem¬ 
plates results in a redshift of z « [3.2 — 5.6], similar to 
what was found in the original paper. However, if Source 
6 is an obscured AGN, as we have argued, the IRAC 
bands will be dominated by AGN emission, making a 
photometric redshift estimate based on only star-forming 
templates highly unreliable. The photometric redshift 
estimate will be skewed to higher redshifts {z > 4) by 
the need to fit the bright 8.0/4m point with the bright¬ 
est part of the star-forming SED, i.e., the peak located 
at restframe '^1.6/xm. Adding the Mrk 231 AGN tem¬ 
plate to EAzY and including both the IRAC and MIPS 
detections (the Herschel detections and upper limits be¬ 
ing excluded due to possible source confusion) yields a 
slightly lower redshift range of z « [2.8, 5.2] that strad¬ 
dles the redshift of the Lya nebula. This estimate is not 
very robust, since fitting the power-law MIR SED with 
an AGN template does not contribute a lot of discrimi¬ 
natory power, but it illustrates that z ss 3.2 is a plausible 
redshift for Source 6. 

3 . 2 . Spatial Distribution of the Associated Galaxies and 
the Larger Scale Lya Emission 

The spatial distribution of likely members relative to 
the Lya nebula is shown in Figure |2l The Lya nebula 
lies between 6 galaxies with photometric redshifts con¬ 
sistent with being at the nebula redshift, one of which 
has a grism redshift as well. In Figure jS] we show the 
full extent of the Lya emission in the original Lya imag¬ 
ing, within three spatial windows (10"xl0", 20"x20", 
and 32"x32"). At lower surface brightnesses than shown 
in the discovery paper, it appears that there is a nearly 
complete bridge of Lya emission between the peak of the 
nebula, one associated galaxy to the north, and three as¬ 
sociated galaxies to the west (including Source 3, the 
source with a consistent grism redshift). At even lower 
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surface brightnesses, the diffuse Lya emission connects 
all but one of the member galaxies and traces out what 
appears to be two intersecting filaments, a partial ring, 
or an asymmetric biconical nebula roughly centered on 
the position of Source 6. These morphological results 
and the result that Source 6 is an obscured AGN plau¬ 
sibly at the redshift of the nebula (Section 13.1. 3D are to¬ 
gether highly suggestive that Source 6 is indeed directly 
associated with the presence of the Lya nebula. Further 
observations, e.g., detecting CO emission lines at submil¬ 
limeter wavelengths, will allow us to confirm the redshift 
of Source 6 and verify that we are seeing a Lya nebula 
surrounding an obscured AGN. 

3.3. The Local Environment 

Thus far we have shown that there are in fact galaxies 
associated with the Lya nebula. Here we assess whether 
the region is in fact overdense relative to the field. To be 
consistent with previ ous studies of the env ironments of 
Lya nebulae at z « 3 (jPrescott et al.l[^12bll . we start by 
plotting the number counts in the F606W band measured 
from within the R < 10" region around the Lya neb¬ 
ula and from random R < 10" apertures across the full 
GOODS-S field (Figure [9l top panel). From this naive 
approach, there is only mild evidence for an enhance¬ 
ment in the region of the nebula; the number counts are 
slightly higher than in the field at to_f 606 W 25 but 
consistent to within the errors, i.e., the scatter measured 
from the random aperture test. In addition, we have also 
seen from the photometric redshift analysis that there 
is an overdensity of z ss 1 sources overlapping this re¬ 
gion, which will necessarily boost the raw number counts. 
Next we look at the number density of sources with pho¬ 
tometric redshifts within Az ± 0.15 of the redshift of the 
nebula (z = 3.157). In the bottom panel of Figured 
we plot the corresponding densities for the region of the 
nebula and for random apertures drawn from the full 
GOODS-S field. The region of the nebula shows a factor 
of >10 overdensity at mpQOQw ~ 25 relative to the field 
galaxy population at the same photometric redshift, even 
when accounting for the scatter measured from randomly 
placed apertures. Thus, not only are there galaxies as¬ 
sociated with the Lya nebula, it is in fact sitting in a 
galaxy-overdense region of the Universe. 

3.4. Properties of the Associated Galaxies 

Having shown that Source 6 is an obscured AGN likely 
associated with the nebula, we briefly turn our attention 
to the properties of the other galaxies in this overdense 
region, and whether they are distinctive in any way rel¬ 
ative to the field population. In Figure [TO] we show the 
measured photometry and best-fit SEDs of the 6 galaxies 
that are likely associated with the Lya nebula. We note 
that none of t hese member galaxies is detected in the 
MIPS imaging (I Whitaker et al.l[2014H . Figure [TT] shows 
the approximate luminosity function (LF) for the system, 
assuming that all 6 galaxies are at z Ri 3.157, as well 
as the ages, stellar masses, star formation rates, specific 
star formation rates, and Ay estimates from stellar pop¬ 
ulatio n synthesis model fitting using FAST (iKriek et al.l 
1200911. as repo rted in the 3D-HST/GANDELS catalog 
( Skelton et al.l[201^ . The galaxies are typically low lu¬ 
minosity, around ^ 0.2 L*, with only one (Source 3) 


around L*, assuming that M* « —20.8 AB mag at this 
redshift (iReddv et al.ll200^ . The total UV luminosity of 
the member galaxies is R::i23.9 mag (AB) in the F606W 
band, or Ri2.3 L*, suggesting this may be a small group 
in formation. The member galaxies have typical ages of 
around 10® yr, stellar masses of 10® Mq, star formation 
rates of <10 Mq yr“^, specific star formation rates of 
10“® yr“^, and extinctions of Ay ~ 0.2 — 0.8 mag. In 
Figure we show the effective radii {Re) and Sersic 
parameter (n) measurements from parametric fits to the 
F160W im aging for the galaxies in the neighborhood of 
the nebula (|van der Wei et riI1l2012[ l. The member galax¬ 
ies are typically 1-3 kpc in radius, with Sersic parameters 
clustered more around n Ri 1, the value for an exponen¬ 
tial disk, than around n « 4, the value for a De Vau- 
couleurs profile. Two-sample Kolmogorov-Smirnov (KS) 
tests on all parameters did not reveal any statistical dif¬ 
ferences between the member galaxies and the field popu¬ 
lation at the same redshift {Plf = 0.17, Piog(Age) = 0.37, 
Plog(Mass) = 0.12, Piog(SFR) = 0.34, Piog(sSFR) = 0.92, 
Pav = 0.57, Pr^ = 0.54, Pn = 0.53). This may be due 
to the small sample size, or it could reflect that we are 
witnessing an early stage in the formation of a group- 
mass system when the individual member galaxies are 
separated by large physical distances and environmental 
effects have yet to become important. 

4. POWERING THE Lyo NEBULA 
4.1. The Energetics: Revisited 

iNilsson et al.l (1200611 estimated that even if Source 3, 
the brightest neighbor galaxy, was at the nebula redshift, 
it was unlikely to be able to power the Lya emission un¬ 
less highly collimated in the direction of the nebula. Ex¬ 
trapolating the HST B and U-band measurements of all 
the member galaxies, and accounting for the angle sub¬ 
tended by the nebula in each case, we hnd that galaxies 
can account for at most Ril4% of the Lya emission, even 
under the optimistic assumption of an escape fraction of 
unity. Thus, the only source associated with the nebula 
that could plausibly contribute enough ionizing photons 
is the obscured AGN, i.e., Source 6. 

The Spitzer SED of Source 6 (Figure [7]) is con¬ 
sistent with a power-law spectrum of; Ri 1.7 x 

10®®(^/10^^)“^'^® erg s“^ Hz“^; this corresponds to a 
total infrared luminosity of around ^ 1.5 x 10^® erg s“^, 
estimated by scaling the template of Mrk 231 to match 
the 8/rm flux, which is approaching the realm of ultra- 
luminous infrared galaxies (ULIRGs; lO^^L© Ri 4 x 10^® 
erg s“^). Making the crude assumption that the MIR 
power-law can be extrapolated into the restframe UV, 
we estimate the ionizing photon flux of Source 6 to be 
^ 3.5 X 10®® photons s“® between restframe 200 and 
912 A. Producing the observed Lya luminosity of the 
nebula (1.09 ± 0.07 x 10^® erg s“®) requires a total of 
^ 1.0 X 10®^ photons s“^, assuming that two-thirds of 
recombinations result in a Lya photon. Naively, it would 
appear that Source 6 can only account for about 35% of 
the Lya emission, even when ignoring geometrical dilu¬ 
tion. However, this extrapolation is very uncertain; for 
example, a somewhat shallower power-law index of -1.5 
is sufficient to match the required ionizing photon flux. 
If we instead take the total infrared luminosity (i.e., 3- 
lOOO^m) to be measure of the intrinsic UV/optical emis- 
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sion (i.e., lOOOA-l/xm) that is being reprocessed by dust, 
we estimate that the intrisic ionizing photon flux from 
Source 6 is around ^ 10®^ photons s“^, more than suffi¬ 
cient to power the nebula. Given the uncertainties about 
the geometry of the system, the opening angle of the 
AGN, the obscuration of the source, and the true SED 
shortward of the Lyman limit, it seems plausible that 
Source 6 could simply be highly obscured along our line- 
of-sight but less obscured in the directions of the diffuse 
Lya emission. Therefore, combined with the morpholog¬ 
ical evidence in Section [321 h appears likely that Source 
6 is responsible for a significant fraction of the ionization 
in the Lya nebula. 

While we have shown that there are several associ¬ 
ated galaxies and an obscured AGN in this system that 
could contribute to the ionization of the nebula, we have 
also confirmed the previous result that there is no com¬ 
pact continuum source visible within the brightest part 
of the Lya nebula itself. The GOODS-S HST imag¬ 
ing provides an upper limit on the amount of star for¬ 
mation that could be going on within the nebula: the 
3(7 limit on the F606W flux (restframe ~1400A) of 
4.66 X 10“^° that was quoted in the original paper cor¬ 
responds to a limit on the UV star formation rate of 
SFR{UV) = 1.4 X < 57 Mpi assuming 

the standard conversion ([Kennicuttl 1 1 9981) . High resolu¬ 
tion millimeter/submillimeter imaging will be important 
for putting further constraints on the obscured star for¬ 
mation and molecular gas reservoir within the nebula. 


4.2. Is the Lya nebula gravitationally powered? 

The argument up until now has been that a Lya neb¬ 
ula without any associated continuum counterparts is 
the best candidate for a system powered by gravitational 
cooling radiation. In view of our improve d observational 
understanding of the lNilsson et al.l (1200611 Lya nebula as 
well as updated theoretical simulations, it appears that 
this line of reasoning should actually be reversed, and 
that even this “best candidate” for a gravitationally pow¬ 
ered Lya nebula is in fact powered by an AGN. 

A number of authors have investigated whether grav¬ 
itational cooling radition within cold accretion streams 
can explain the observed propert ies of Lya nebulae , 
initially with analytic arguments (jHaiman et al.l I2000H 
and th en using numeri ca l sim ul ations dPardal et al l 


2001t iFurlaneHo et al.l 


lYang et al.l 200 


i 


Diikstra et al. _ 20061: biikstral 120091: IGoerdt et al 


201C : iFaucher-Giguere et al.l 120101 : iRosdahl fc Blai~ 

2012f) . Due to the difficulty in appropriately simulating 
the self-shielding of the gas and the temperature of the 
IGM, the maximum predicted luminosities of “cooling” 
Lya nebulae from different numerical treatments have 
ranged from ~10^^ erg s“^, far below that of observed 
samples, to erg s“^, sufficient to explain even the 

brightest known systems. Thus it remains a matter of 
some debate whether gravitational cooling alone can in 
fact explain the large Lya luminosities of Lya nebulae. 

At the same time, it is becoming clear that because 
gravitationally powered Lya emission originates from 
the extended cold streams that are fueling galaxy for¬ 
mation, star formation, and AGN activity, the simu¬ 
lations generically predict that there will be a grow¬ 
ing galaxy at the center of any luminous “cooling” 


Lya nebula (e.g., 

Fardal et al.l 120011 iFurlanetto et al.l 

2004 IGoerdt et al. 

20101: iFaucher-Giffuere et al.l 120101: 

Rosdahl & Blaizotl 1201211. Furthermore, these luminous 


Lyg nebulae will necessarily b e hosted by > 10^^ Mq ha¬ 
los (|Rosdahl fc Blaizotll20i2f) . While it is possible that 
such halos go through an initial phase of gas cooling 
preceding any substantial star formation, this cooling- 
only phase would necessarily have occurred much ear¬ 
lier, when the halo was 10® — 10^° Mq and when 
the corresponding cooling Lya emission was several or- 
ders of magnitude fain ter than observed Lya nebulae 
([Furlanetto et al.l 1200511 . According to the most recent 
simulations, stellar continuum emission would therefore 
be expected at the position of the Lya peak, unless 
this galactic counterpart has been very effectively hid¬ 
den (jRosdahl fc Blaiz'^l2012f) . For this reason, we sus¬ 
pect that the correct argument is the opposite of what 
has often been assumed: namely, that the lack of any 
associated continuum sources in the Lya nebula makes 
it less likely that this system is predominantly powered 
by gravitational cooling. It is difficult to understand how 
the central growing galaxy, presumably the most massive 
member in the region located at a node within the cosmic 
web, has been so effectively hidden at the center of the 
Lya nebula. If it is simply highly obscured and there¬ 
fore not visible in the restframe optical, then it should 
be the brightest source visible in the system at longer 
wavelengths. Higher resolution millimeter/submillimeter 
observations will be important for shedding further light 
on this issue, but the evidence thus far from the Spitzer 
data is that the bulk of the obscured emission in this 
system is concentrated at the position of Source 6, an 
obscured AGN that is offset by ~ 4" 30 kpc from the 

brightest part of the Lya nebula and that is instead lo¬ 
cated in an apparent “hole” in the fainter, larger scale 
Lya emission. Thus, while it is still possible that the 
Lya emission is tracing gas within cosmic filaments, the 
results of this paper argue strongly that it is being pow¬ 
ered primarily by illumination from the obscured AGN 
in the region instead of by gravitational cooling. 

We suspect that this Lya nebula is not an isolated 
case. The key observational characteristics of this sys¬ 
tem - the small sizes, disk-like morphologies, and low 
luminosities of the member galaxies, the evidence for an 
overdense neighborhood, and the presence of a highly ob¬ 
scured AGN offset by 10s of kpc from the Lya peak that 
can provide some if not all of the requisite ionizing pho¬ 
tons - are highly reminiscent of the prop erties LABd05, 
a more luminous Lya nebula at z w 2.7 ([Prescott et al.1 
I2012bf) . It seems likely that t hese systems are i ntrin¬ 
sicall y similar to cases such as IWeidinger et al.l ([2004 
(200^ . a quasar at ^ w 3 with an extended, asymmet¬ 
ric biconical Lya halo that is being viewed through one 
side of the ionization cone of the (unobscured) quasar. 
In the INilsson et al.l (|2006f) Lya nebula, we are likely 
observing a similar phenomenon, an AGN powering an 
extended Lya nebula, but with a line-of-sight passing 
outside the ionization cone. This picture is broadly con¬ 
sistent with the much higher obscuration of the AGN 
and the two lobe structure seen at low surface bright¬ 
ness levels in the Lya emission. Our conclusions are 
consistent with the argument of lOverzier et al.l ([20131 1 
that AGN must be the dominant power source for the 
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maj ority (if not al l ) of t he most luminous Lya nebulae. 
The iNilsson et al.l (j2006f) Lya nebula is s omewhat lower 
lumin osity than the systems studied by lOverzier et al.l 
IMS), suggesting that even at lower luminosities where 
less powerful mechanisms (gravitational cooling, winds, 
star formation) could in principle play a larger role, AGN 
continue to be a dominant power source for Lya nebulae. 

5. IMPLICATIONS 

On a more general level, while gravitational cooling 
radiation, as a fundamental physical process, must con¬ 
tribute to the total Lya emission observed from Lya neb¬ 
ulae, our experience with this Lya nebula leads us to con¬ 
clude that it will always be more difficult to prove that a 
given nebula is primarily gravitationally powered. Since 
bright Lya emission from gravitationally cooling corre¬ 
lates strongly with actively growing galaxies (and AGN), 
a lack of obvious power sources is not sufficient evidence, 
and the morphology and shape of the surface brightness 
profile could simply reflect the fact that the gas is being 
brought in by a cold accretion stream without necessarily 
proving the nebula is lit up by gravitational cooling. De¬ 
termining what fraction of a given Lya nebula is powered 
by gravity as opposed to by embedded sources requires 
more detailed studies of, e.g., the polarization of the Lya 
emission to constrain the contribution of scattered light, 
as well as comparisons between emission line diagnostic 
measurements within the diffuse gas and improved the¬ 
oretical predictions for the expected metal line emission 
from cold accrection streams. 

Instead, we suspect that extended Lya emission dis¬ 
placed from all associated continuum sources is actu¬ 
ally less likely to be powered by cooling radition and 
more likely to be a signature of cosmic gas illuminated 
by an offset AGN (leading to either Lya fluorescence or 
Lya resonant scattering), an AGN that may be highly- 
obscured to the line-of-sight or recently extinguished. It 
is not particularly hard to hide an AGN with obscura¬ 
tion and geometry (i.e., if it is offset from the nebula and 
obscured to our line-of-sight but unobscured towards the 
nebula), or if it is in the process of ramping down in 
its output, leaving a seemingly-abandoned light echo of 
Lya emission at larger distances (and light travel times) 
from the AGN position (e.g., similar t o Hanny’s Voorw- 
erp, a n [Oiil] nebula at lower redshift: iSchawinski et al] 
120101) . In systems where we can identify an AGN as 
the dominant power source in this way, we have an op¬ 
portunity to use the spatially extended line emission as 
a laboratory for studying AGN variability over 10^-10® 
year timescales as well as the physical conditions within 
the underlying cosmic web, lit up in emission while in the 
process of fueling and being impacted by ongoing local 
galaxy formation. 

6. CONCLUSIONS 

In light of new observations and more sophisticated nu¬ 
merical simulations, we have taken a second look at the 
local environment a nd most likely power source for the 
INilsson et al.l (j2006D Lya nebula. We find that the neb¬ 
ula is associated with 6 nearby galaxies and an obscured 
AGN located ^4 "r::! 30 kpc away. The Lya emission is 
seen to extend further than previously realized, nearly 
encircling the position of the obscured AGN, and the 
local region shows evidence for being overdense relative 


to the field. At the same time, results from the latest 
generation of cold accretion simulations show that the 
brightest Lya emission powered by gravitational cool¬ 
ing will be centered on a growing galaxy, which should 
be detectable as a counterpart in the continuum. Thus, 
while we confirm the previous finding that there is no 
associated continuum source located within the nebula 
itself, we conclude that this is actually a strong argu¬ 
ment against, rather than for, the nebula being powered 
by gravitational energy. The Lya emission at low surface 
brightness levels appears to trace out a complicated fil¬ 
amentary structure, perhaps consistent with gas within 
cold accretion streams, but this gas is most plausibly be¬ 
ing lit up due to illumination from a nearby obscured 
AGN rather than due to gravitational powering. Follow¬ 
up observations of such emission line nebulae offer an ex¬ 
citing window into both AGN physics and the kinematics 
and physical conditions of the cosmic web surrounding 
regions of active galaxy formation. 
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Table 1 

Likely Galaxy Members 


ID^ 

3D-HST/CANDELS 
Catalog ID 

Right Ascension 
(hours) 

Declination 

(degrees) 

rriFieow 

^phot ^grism 

Notes 

3 

GOODS-S-41192 

03:32:14.072 

-27:43:03.72 

23.54 

o o -| c:q+0.019 

O.ZOU_Q Q5g 0.±00_Q QQ4 


8 

GOODS-S-41189 

03:32:14.886 

-27:43:03.54 

24.83 

'^•^^'^-0.101 


9 

GOODS-S-41027 

03:32:14.070 

-27:43:05.27 

26.06 

Q -| YQ+0.160 


10 

GOODS-S-41047 

03:32:13.947 

-27:43:04.81 

26.02 

Q 204+0-30® 
o.zu^_Q 293 


11 

GOODS-S-41395 

03:32:14.550 

-27:42:59.34 

25.36 

o.uoo_Q Qg5 


12 

GOODS-S-41673 

03:32:14.884 

-27:42:54.27 

27.26 

q rjq-| -|-0.188 

O.Z01_Q 212 


6 


03:32:14.606 

-27:43:06.14 


3-80ltJ;^®® 

3.094tg;°®7 

IRAC data / SF templates only 
included in the photometric redshift fit 

IRAC and MIPS data / AGN and SF templates 
included in photometric redshift fit 


^ The ID column is based on the numbering scheme used in lNilsson et all II2006D . 


CO 


Overturning the Case for Gravitational Powering in a Lya Nebula 











10 


Prescott et al. 


F125W + F140W + F160W 



5 0-5 -10 

a [arcsec] 


Figure 1. Stacked WFC3-IR/-F125ty, FIAOW, and F160W imaging of the region around the Lyo nebula. The Lya emission is shown 
with black contours at Lyo; surface brightness levels of [5.3,7.0,8.9] x 10“^® erg s~^ cm~^ arcsec”^ after smoothing by 0.4 x 0.4". Sources 
with photometric redshifts within Az = 0.15 are shown (red circles), while Source 3, the galaxy with a consistent grism redshift, is indicated 
with a double red circle. The IRAC centroid of Source 6 from the GOODS-Herschel catalog is indicated with a blue cross. The galaxy 
located closest to the Lya peak, labeled ‘F’, is a foreground galaxy a,t z ^ 1. 
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Figure 2. Region around the Lya nebula in the individual WFC3-IR/F125VL, F140VL, and F160VL images. In all panels the Lya nebula 
is shown with black contours at Lya surface brightness levels of [5.3,7.0,8.9] x 10“^^ erg s“^ cm“^ arcsec”^ after smoothing by 0.4 x 0.4'L 
The IRAC centroid of Source 6 from the GOODS-Herschel catalog is indicated with a blue cross, and the yellow contours in each panel 
highlight diffuse emission in the corresponding WFC3-IR image that is detected within R < 1.3'' of Source 6. Left: The WFC3 F125VF 
image. The F125VF surface brightness contours at the position of Source 6 (yellow lines) correspond to SBf\2^w — [0.4, 0.6, 0.8] x 10“^^ 
erg s“^ cm~^ arcsec”^. Middle: The WFC3 F140VF image; foreground sources with photometric redshifts within A 2 : ± 0.15 of 
z = 1 are indicated (green circles). The F140VF surface brightness contours at the position of Source 6 (yellow lines) correspond to 
SBfi^qw = [0.8,1.0,1.2] X 10“^*^ erg cm~^ arcsec“^. Right: The WFC3 F160VF image; sources with photometric redshifts 
within A^rdiO.lS of the redshift of the Lya nebula are indicated (red circles). The source with a detection of [Oil] at 2 : = 3.153 in the G141 
grism data is shown with a larger red circle. The F160VF surface brightness contours at the position of Source 6 (yellow lines) correspond 
to SBpiQQy^ = [0.8,1.0,1.2] X 10“^*^ erg s“^ cm“^ arcsec“^. 
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Photometric Redshift 


Figure 3. Photometric redshift distribution for sources within R < 10^' of the Lya nebula. The summed P(z) distribution is shown (grey 
shading) along with a histogram of the best fit photometric redshifts (blue hashed histogram). The redshift of the Lya nebula is indicated 
with the red dashed line. 
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Figure 4. Photometric redshift distribution for Galaxy ‘F’, the faint galaxy closest to the peak of the Lya emission. The P(z) distribution 
is shown (grey shading) along with a histogram showing the best fit photometric redshift (blue hashed). The redshift of the Lya nebula is 
indicated with the red dashed line. 
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Observed Wavelength [A] 


Figure 5. SED (open black circles and arrows representing 3cr upper limits) and best-fit EAzY template (yellow solid line) for Galaxy 
‘F’, the faint source closest to the peak of the Lya emission, as compared with Mrk231 (red solid line) and Arp220 (green dashed line) 
templates shifted to 2 = 3.157. Despite being located very near the Lya peak, this source is inconsistent with being at the nebula redshift. 
It is instead part of the overdensity of 2 ^ 1 sources that overlaps this location. 
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Figure 6. Grism spectroscopy of Source 3, showing the 2D grism spectrum (top row), the contamination model corresponding to flux from 
nearby sources (second row), the continuum model (third row), the continuum- and contamination-subtracted grism spectrum (fourth row), 
and the ID spectral extraction (bottom row) with the corresponding errors overplotted (grey shading) and the position of the measured 
[Oil] line indicated (vertical dashed red line). 
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Figure 7. Source 6 SED from HST (filled circles), Spitzer (open diamonds), and Herschel ( open squares). All u pper limits are shown at 
3(7. Mrk231 (red solid line) and Arp220 (green dashed line) templates are shown for reference llPolletta et al.ll2007lh scaled to the 8p.m data 
point. The top axis gives the corresponding rest wavelength and the right axis the corresponding luminosity density Li/, assuming Source 
6 is at the redshift of the Lyu nebula. The mid-infrared data are much better fit by the Mrk231 (AGN) template; the Herschel detections 
may be contaminated by source confusion, but suggest there may be an additional cool dust component. 
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Figure 8. Spatial extent of the Lya emission overplotted on the F160W imaging. In all panels the Lyo; nebula, as shown in previous 
figures, is outlined with white contours (corresponding to a surface brightness level of 5.3x10“^® erg s“^ cm“^ arcsec“^), while additional 
Lya surface brightness contours are shown in greyscale at [1.3,1.9,3.2,4.4,6.3] x 10“^® erg s~^ cm~^ arcsec”^ after smoothing by 0.4 x 0.4'F 
Sources with photometric redshifts within Az di 0.15 of the redshift of the Lya nebula are highlighted with red points, and Source 3, the 
source with a weak [Oil] detection at ^ = 3.153 in the G1 41 grism data, is shown with a larger red circle. The position of Source 6 is 
indicated with a blue cross. LAEs from [Nilsson et al.l 11200711 are shown as green stars. 
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Figure 9. Top: Number counts in the F606U^ band measured from the region around the Lya nebula {R < 10^^; blue diamonds) and 
from within random R < 10" apertures across the entire GOODS-S field (with the mean and standard deviation shown as the black line 
and gr ey region, respectively ). The F606VF band was chosen to be consistent with previous studies of the environments of Lya nebulae at 
z ^ 3 dPrescott et al.ll2012bl) . Bottom: Sources with photometric redshifts within Az di 0.15 of the Lya nebula redshift measured from 
the region around the Lya nebula (R < 10"; red diamonds) and from within random R < 10" apertures across the entire GOODS-S field 
(with the mean and standard deviation shown as the black line and grey region, respectively). 
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Figure 10. Photom etry and best-fit EA zY SEDs (open circles and arrows representing 3cr upper limits) of the 6 galaxies likely associated 
with the Lya nebula (ISkelton et al.lf2014l) . Numbers correspond to the source IDs in Table fTI 
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Figure 11. Luminosity function and physical properties derived from SED fitting IlSkelton et al.lf2014l) for galaxies associated with the 
LycK nebula (filled histograms) versus all galaxies in the field within Az di 0.15 (open histograms, scaled down for clarity). Top Left: 
F6061E-band luminosity function (AB mag). Top Right: Log of the stellar age in years. Middle Left: Log of the stellar mass in solar 
masses. Middle Right: Log of the star formation rate in solar masses per year. Bottom Left: Log of the specific star formation rate in 
inverse years. Bottom Right: Attenuation Ay (AB mag). 
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Figu re 12. Effective radius {Re) and Sersic n estimates derived from GALFIT parametric fits to the F160W data Jvan der Wei et al.l 
I2012lh for member galaxies (Az di 0.15, i? < 10^^; filled histogram), and for all galaxies in the GOODS-S field within Az di 0.15 of the 
nebula redshift (open histogram, scaled down for clarity). The size of the PSF (top panel) and the Sersic n values for exponential and De 
Vaucouleurs profiles (bottom panel) are indicated with dotted lines. 




































